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Abstract. Intensity scintillations of cosmic radio sources are used to study astrophys-
ical plasmas like the ionosphere, the solar wind, and the interstellar medium. Normally
these observations are relatively narrow band. With Low Frequency Array (LOFAR) tech-
nology at the Kilpisja¨rvi Atmospheric Imaging Receiver Array (KAIRA) station in north-
ern Finland we have observed scintillations over a 3 octave bandwidth. “Parabolic arcs”,
which were discovered in interstellar scintillations of pulsars, can provide precise esti-
mates of the distance and velocity of the scattering plasma. Here we report the first ob-
servations of such arcs in the ionosphere and the first broad-band observations of arcs
anywhere, raising hopes that study of the phenomenon may similarly improve the anal-
ysis of ionospheric scintillations. These observations were made of the strong natural ra-
dio source Cygnus-A and covered the entire 30-250 MHz band of KAIRA. Well-defined
parabolic arcs were seen early in the observations, before transit, and disappeared af-
ter transit although scintillations continued to be obvious during the entire observation.
We show that this can be attributed to the structure of Cygnus-A. Initial results from
modeling these scintillation arcs are consistent with simultaneous ionospheric soundings
taken with other instruments, and indicate that scattering is most likely to be associ-
ated more with the topside ionosphere than the F-region peak altitude. Further mod-
eling and possible extension to interferometric observations, using international LOFAR
stations, are discussed.
1. Introduction
The phenomenon of intensity scintillation (twinkling) of
compact cosmic radio sources in the ionosphere was first
identified in the 1950s and understanding it was one of
the great successes of radio physics of that period. It has
also been observed in the solar wind and the interplanetary
plasma where it has been equally useful. The use of satellite
beacons instead of cosmic sources has been very helpful in
the ionospheric case particularly, especially as ionospheric
scintillation can have serious consequences for our increas-
ing reliance on satellite communication. This is not (yet)
possible in the interstellar plasma, but recently radio as-
tronomers discovered the “parabolic arc” phenomenon in
dynamic spectral observations of interstellar scintillations
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of pulsars [Stinebring et al., 2001]. These parabolic arcs are
found in the two-dimensional (2-D) power spectrum of the
observed dynamic spectrum. This 2-D power spectrum is
referred to as the secondary spectrum. The parabolic arcs
prove to be an “eigenfunction” of the broadband forward
scattering problem and have revolutionized the study of the
interstellar plasma. They have not proven to be as useful
in the solar wind, although they have been observed (Coles,
private communication), probably for two reasons. First,
the major axis of the solar wind irregularities is normally
aligned with the flow speed. Second, the inner scale of the
solar wind turbulence is not very much smaller than the
radius of the first Fresnel zone (as it is in the interstellar
plasma).
Ionospheric scintillation has also been probed for many
years using radar measurements. For this application var-
ious papers describe modelling calculations and results in
which propagation through an irregular medium is detailed.
Nickisch [1992] and Knepp and Nickisch [2009], for ex-
ample, present phase screen/diffraction methods in which
an electro-magnetic wave is propagated through multiple
phase “screens” followed by a distance of free space to re-
sult in the calculation of the two-frequency, two-position
mutual coherence function and its 2-D Fourier transform,
termed variously as the “scattering function” or “general-
ized power spectrum”. These 2-D model spectra also show
parabolic arc structures under some circumstances, most
pronounced in the case of a single thin scattering screen
as seen, for example, in Figure 11 of Knepp and Nickisch
[2009]. They are seen in radar observations, though exam-
ples reviewed in preparation of the current work do not show
the phenomenon very clearly (e.g., Figure 1 in Nickisch
[1992] showing results from an HF channel probe in north-
ern Greenland and VHF results from an equatorial radar
facility presented in Cannon et al. [2006]).
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Figure 1. Dynamic spectra of a 17-minute segment of
data from an observation of Cygnus-A on 25-26 Septem-
ber 2012. These spectra are simultaneous: the separation
into different plots is to account for gaps in the frequency
coverage and the differing scales used. The raw intensity
data for each frequency channel have been divided by
their median to “flatten” the data for the frequency re-
sponse across the pass-band. The plot scale is linear with
arbitrary intensity units.
It has been unclear if parabolic arcs could be detected
using observations of ionospheric scintillation of natural
sources and we believe that the results presented in this pa-
per represent the first (although Knepp and Nickisch [2009]
note “unpublished measurements of natural equatorial scin-
tillation at 300 MHz” without making clear the parameters
studied). Here we show that they can be observed and have
the potential to provide a 2-dimensional image of the scat-
tering plasma as well as its velocity and distance.
Improvements in radio technology have greatly increased
the bandwidths available to radio astronomy and multi-GHz
bands are now common, but multi-octave bands are not.
The Low Frequency Array (LOFAR - van Haarlem et al.
[2013]), a new radio telescope centered in the Netherlands
with additional stations across Europe, has been the first to
attempt to exploit these improvements at long wavelengths
where they make possible a 3+-octave bandwidth. Observ-
ing over such bandwidths is qualitatively different than ob-
serving a few tiny windows over a 3-octave range. Long
wavelength observations have become increasingly challeng-
ing due to the huge increase in wireless communications,
but the resulting radio frequency interference (RFI) is much
more easily identified (and subsequently removed) from a
broad continuous band than from an array of small win-
dows. This is most easily appreciated by examination of
Figure 1, where some limited RFI is apparent at 138 and
150 MHz but this does not detract from the data in neigh-
bouring channels.
Broadband observations where dynamic spectra have
been obtained are very few in number. Meyer-Vernet et al.
[1981] observed ionospheric perturbations in decametric so-
lar observations using the Nanc¸ay Decametric Array and in-
terpreted their results in terms of diffraction and focussing
by large-scale ionospheric disturbances. Lecacheux et al.
[2004] described wide bandwidth observations of various nat-
ural radio sources using the UTR-2 and URAN telescopes
in Ukraine. This included noting ionospheric scintillation in
an observation of the strong radio source Taurus-A, but did
not attempt any interpretation.
Here we describe the first wide-bandwidth ionospheric
scintillation results from an observation of the strong ra-
dio galaxy Cygnus-A taken in September 2012 using the
Kilpisja¨rvi Atmospheric Imaging Receiver Array - KAIRA
[McKay-Bukowski et al., 2014], a new ionospheric observa-
tory built using LOFAR technology and summarised in Sec-
tion 3.1. These show remarkably complex refractive struc-
tures at the longest wavelengths, which are as yet unmod-
eled. Secondary spectra (throughout this paper we will use
the term “secondary spectrum” in this regard) of these data
show parabolic arcs. We also demonstrate here the use of
straightforward scintillation arc modeling as used in the case
of interstellar scintillation [Cordes et al., 2006], which has
the advantage of ease of use for the estimation of velocity
and scattering height in the case of simple parabolic arcs.
Results from initial modeling attempts are presented and
compared with available data from other systems at the
time.
Section 2 describes the parabolic arc phenomenon and
basic theory as it has been applied in the case of interstellar
scintillation, with the observations and results presented in
subsequent sections.
2. Parabolic Arcs
The parabolic arc phenomenon is simply outlined, al-
though the details are naturally more subtle. The funda-
mental mechanism underlying intensity scintillation is the
angular scattering of a plane wave incident on a thin scat-
tering screen into an angular spectrum of plane waves B(θ).
This angular spectrum is the distribution of power that one
would observe with an imaging instrument in the receiv-
ing plane. Intensity fluctuations result from interference be-
tween these scattered plane waves. The basic observable is
a dynamic spectrum of intensity I(ν, t), where ν is the ob-
serving frequency and t is time through the observation, ob-
served at a single point in the receiving plane as the spatial
interference pattern drifts past the receiving antenna. The
scattered plane waves each have a characteristic Doppler
shift and delay which depend on the scattering angle (θ),
the wavelength of the radiation (λ), the distance (L) of the
scattering screen, and its velocity (V ) . The coordinates
of the secondary spectrum, which is a delay-Doppler distri-
bution, are actually differential delay and Doppler between
pairs of scattered plane waves. In relatively weak scintilla-
tion the first order interference is between a scattered wave
and the unscattered wave, so the secondary spectrum be-
comes a map of the scattered delay-Doppler distribution.
A parabolic arc arises in the secondary spectrum naturally
when one considers the delay and Doppler as a function
of scattering angle. The delay is given by τ = (L/2c)|θ|2
and the Doppler shift is f = V · θ/λ. Then τ is related to
the maximum Doppler shift fmax by τ = (Lλ
2/2cV 2)f2max
and the parabolic arc traces the boundary of the scattered
distribution in the secondary spectrum. This boundary is
quite sharp because the Jacobian of the transformation from
B(θ) into the secondary spectrum has a half-order singular-
ity at the arc. In strong scattering, where interference of
two scattered waves is dominant, the map is more complex
and one frequently sees a field of reverse arclets with apexes
along the primary arc. For detailed theory of arc formation
in weak and strong scattering as it has been applied to in-
terstellar scintillation the reader is referred to the work of
Cordes et al. [2006].
The curvature of arcs defined in this way is λ dependent,
which is not important with 10% bandwidths, but degrades
the arcs significantly with octave bandwidths. Fortunately
one can define the RF spectrum in λ rather than f and per-
form exactly the same analysis. The variable β, defined as
the conjugate to λ, is β = (κ/2pi)2L/2 where κ is the spatial
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Figure 2. Secondary spectra of a 256 s simulation. The left panel is isotropic. The remaining panels
have axial ratio 3:1: The middle panel shows the major spatial axis velocity aligned and the right is
perpendicular. Units are in dB.
wavenumber of the scattering irregularities. In this form the
Doppler shift is f = V · κ/2pi. Thus the arc is defined by
β = (L/2V 2)f2max and the curvature is independent of λ.
Parabolic arcs are much more distinct when θ  rms(θ)
so they are best observed with high signal to noise ratio
and when B(θ) has a power-law tail. They are not visible
if B(θ) is gaussian. The visibility is enhanced when B(θ)
is anisotropic and V is aligned with the more heavily scat-
tered axis. This is most easily shown by a simulation. We
have simulated 256 s blocks of the “High Band” (Section 3.1)
observations ν = 110 to 190 MHz assuming the scattering
is caused by Kolmogorov turbulence in the F region under
three conditions: (1) the scattering is isotropic; (2) the axial
ratio is 3:1 and the structures are aligned with the velocity;
and (3) the axial ratio is 3:1 but the structures are aligned
perpendicular to the velocity. We show the secondary spec-
tra in Figure 2.
In the solar wind the velocity is radial and the scattering
is enhanced perpendicular to the magnetic field. Thus arcs
are hard to see near the Sun in quiet conditions because the
magnetic field is radial. They can be seen in coronal mass
ejections where the magnetic field becomes non-radial. We
expect that a similar anisotropy will hold in the ionosphere,
but the velocity is more often perpendicular to the mag-
netic field. A concern in the ionosphere is that B(θ) may be
truncated by an inner scale before θ  rms(θ), eliminating
the power-law tail. Conversely one potential application of
this technique may be in estimating the dissipation scale of
MHD turbulence in the ionosphere.
The effect of the angular size of the radio source Bs(θ)
illuminating the ionosphere is also important. Effectively
it smooths the spatial diffraction pattern I(x, y) by convo-
lution with a smoothing filter S(x, y) = Bs(x = θx/L, y =
θy/L). This multiplies the secondary spectrum by a low pass
filter and truncates any parabolic arcs. The spatial scale of
the diffraction pattern in weak scattering is s0 =
√
λL/2pi
so the critical source diameter is θs <
√
λ/(2piL). For our
observations at λ ∼ 2m and L ∼ 400 km, the critical source
diameter is 3 arc min. The radio source Cygnus-A is elon-
gated < 3 arc min in the minor axis and > 3 arc min in the
major axis. We believe this is a factor in our observations.
An ideal source would be < 3 arc min, but not too com-
pact because if it is < 0.3 arc sec it will scintillate in the
solar wind and if it is < 0.06 milli-arc sec it will scintillate
in the interstellar plasma. Such scintillations would have to
be separated from the ionospheric effects of interest. Choos-
ing the right source diameter eliminates this confusion. As
a practical matter only pulsars scintillate in the interstellar
medium, but active galactic nuclei scintillate in the solar
wind. Supernova remnants and compact radio galaxies are
the best choice for ionospheric scintillations.
3. Observations
3.1. Receiver System
KAIRA consists of a dual array of antennas: a Low-Band
Antenna (LBA) array of 48 dual-polarisation dipole anten-
nas which covers the frequency range 10–90 MHz and a High-
Band Antenna (HBA) array of 48 tiles, each tile consisting
of a phased array of 16 dual-polarisation bow-tie antennas,
which covers the range 110-270 MHz. The LBA dipoles and
the HBA tiles are fixed in position, there is no mechani-
cal beam steering. The LBA dipoles are sensitive to the
entire sky, although the sensitivity is significantly reduced
below 25◦ elevation. Each HBA tile has a 16 element ana-
logue beam-former which creates a single tile-beam for each
tile. The tile beam can be pointed anywhere inside the enve-
lope of the dipole elements – approximately the same ranges
as the LBA dipoles. The analogue signals from each LBA
dipole and each HBA tile (both in two polarizations) are
carried to a receiver container on coaxial cables where they
are amplified, filtered, digitized, separated into frequency
channels, and full array-beams are formed for each chan-
nel. Multiple LBA array-beams can be pointed anywhere
in the sky, but the HBA array beams are restricted to the
field of view of the tile-beam, about 43◦ at 110 MHz and
18◦ at 270 MHz. The system is extremely flexible and can
be operated in many different “modes”.
The primary filters isolate the bands 10–90 MHz, 110–
190 MHz and 210–270 MHz. These bands are then channel-
ized with a polyphase filter, producing 512 subbands each
of width 195.3125 kHz. The station beam-former is then
used to form up to 244 “beamlets”, where each beamlet is
an independent pointing direction and a specified subband
for an arbitrary set of antennas from either of the two ar-
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Figure 3. Dynamic spectra for the first 10 blocks of
September 25-26 2012. The raw intensity data for each
frequency channel have been divided by their median to
“flatten” the data for the frequency response across the
pass-band. The plot scale is linear with arbitrary inten-
sity units.
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rays. As the selection of antennas used can be specified sep-
arately for each beamlet, it is possible to perform an obser-
vation covering the full available bandwidth (10–270 MHz)
by using sub-arrays of LBA aerials and HBA tiles. How-
ever, given the limitation of a maximum of 244 beamlets
available at the time, the frequency coverage is sparse as
non-continuous subbands must be selected to span the en-
tire frequency range.
For the observations presented here, the station was sub-
arrayed into thirds to cover frequencies within each of the
low-band and high-band filters used. In the low band 10–
90 MHz we selected 100 sub-bands (154–451 with spacing of
3) centered at 30.08 to 88.09 MHz with spacing of 0.59 MHz.
In the high band 110-190 MHz we selected 100 sub-bands
(52–448, spacing 4) centered at 110.16 to 187.5 MHz with
spacing 0.78 MHz. In the highest band 210–270 MHz we se-
lected 44 sub-bands (52–224, spacing 4) centered at 210.16
to 243.75 MHz with spacing 0.78 MHz. Frequencies above
244 MHz are heavily contaminated by RFI and so not re-
garded as useful in regular observations.
3.2. Dynamic Spectra
In September 2012, a series of test observations were car-
ried out with the KAIRA station in which the strong radio
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Figure 4. HBA dynamic spectrum for block 11 from
the observation of 25-26 September 2012. The raw inten-
sity data for each frequency channel have been divided
by their median to “flatten” the data for the frequency
response across the pass-band. The plot scale is linear
with arbitrary intensity units.
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Figure 5. Scintillation index and time scale for the
night of September 25-26 2012. The solid blue lines are
from 110–149 MHz and the dashed red lines are from 149–
188 MHz.
source Cygnus-A was observed in overnight observations of,
typically, 12 hours in length. Here we concentrate on the
night of 25-26 September 2012. The 17 minute section shown
in Figure 1 is typical of the entire period. Since the scintil-
lation time scales are typically 3 to 30 s, it is not possible
to display the dynamic spectrum of the entire observation
with enough resolution to see the structures.
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Figure 6. Secondary spectra of blocks 6 high band (left)
and low band (right) of September 25-26. The scale is
logarithmic with units equivalent to dB/10. The top row
is computed in equal ν steps and the bottom in equal λ
steps from the same set of data. Note that switching be-
tween ν and λ sampling reverses the Doppler axis. These
spectra show two interlaced arcs, most visible in the lower
right plot. The solid blue lines in the lower two plots are
model fits to one of these arcs as detailed in section 4.1.
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Figure 7. Secondary high band spectra of blocks 3 (left)
and 10 (right) of September 25-26. The scale is logarith-
mic with units equivalent to dB/10. The black curve is
the main arc and the red one is the first alias.
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Figure 8. Secondary high band spectra of blocks 30
(left) and 52 (right) of September 25-26. The scale is
logarithmic with units equivalent to dB/10. Here the
structure is isotropic or somewhat anisotropic but aligned
with the velocity vector.
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The two higher bands show scintillations that are highly
correlated over frequency as is characteristic of weak scatter-
ing. The low band shows the onset of strong scattering and
an obvious change in the lower part of this band to intensity
structures with a much longer time scale and which decorre-
late significantly in frequency. Intensity structures with very
short time scales are superposed on these long time scale
structures. This combination of time scales is indicative of
a strong scattering regime where diffraction through small-
scale density variations occurs alongside refraction through
much larger-scale density structures which cause lensing ef-
fects leading to strong focussing and de-focussing of the ra-
dio source. For further details the reader is referred to, e.g.,
Narayan [1992].
The dynamic spectra of the first 10 blocks of these two
bands are shown in Figure 3. The data in the low band
above 80 MHz is too heavily filtered to avoid contamination
from the FM waveband to be of use so we truncated that
band at 80 MHz in computing secondary spectra. The low
band spectra require more manual editing for RFI and we
have not attempted to match them with the high band spec-
tra because of the 30 MHz gap. One can see that the scin-
tillations are almost constant over the band although they
vary rapidly with time. However there is fine structure on
the scintillations, illustrated in Figure 4, and it is this fine
structure that causes the parabolic arcs in the secondary
spectra.
We show m = rms(I)/mean(I) and the time scale τ , cal-
culated as the mean period between intensity peaks in the
scintillation pattern, from the mid-band in Figure 5. The
solid blue lines are from 110–149 MHz and the dashed red
lines are from 149–188 MHz. One can see that both m and
τ are quite variable. We believe that the variations in m
reflect real variations in the level of turbulence, but that
the spatial scale is relatively stable so the variations in τ
reflect variations in velocity. The scintillation index m < 1
throughout all three bands, but we believe that it would
have exceeded unity in the low band were it not suppressed
by the angular size of Cygnus-A. A detailed analysis is be-
yond the scope of this paper because both the scattering and
the source structure are anisotropic, and the source struc-
ture rotates with respect to the ionospheric structure during
the observations, so a full 2-dimensional analysis is required.
This will be carried out in a future work.
3.3. Secondary Spectra
The secondary spectrum can be computed from the dy-
namic spectrum using a 2-dimensional Fourier transform
|I˜(τ, f)|2 = |F2[I(ν, t)]|2. Since the sampling in (ν, t) is
regular an FFT can be used. However the spectrum is
quite red and we find that best results are obtained by:
pre-whitening [Jenkins and Watts, 1969] the dynamic spec-
trum with a first difference on both axes; augmenting the
pre-whitened dynamic spectrum with equal numbers of zero
samples on both axes; performing the 2-D FFT; taking the
squared magnitude; and finally post-darkening to correct for
the pre-whitening.
As noted earlier, with the octave bandwidth of these ob-
servations it would have been better to compute the spectra
in equal wavelength channels. Since that cannot be done
post-facto we have defined 100 equally spaced wavelength
channels {λi}, calculated the corresponding frequency νi =
c/λi, and interpolated in the dynamic frequency spectrum
to obtain I(λi, t). We then compute the modified secondary
spectrum |I˜(β, f)|2 = |F2[I(λ, t)]|2 using the FFT exactly
as discussed earlier. Here β is the conjugate variable to λ
and has units cycles/m. The effect of using equal λ chan-
nels is easily seen in Figure 6. This is a relatively complex
secondary spectrum from the 6th block of Figure 3 which
shows two interlaced parabolic arcs. The top two plots in
this figure show secondary spectra from high- and low-band
parts of this block, and the lower two plots show secondary
spectra from the same parts, but resampled to steps of equal
λ. The arcs are much better defined after resampling. Here
one should note that switching from equal ν to equal λ sam-
pling reverses the Doppler axis.
The shortest sample interval that can easily be obtained
with the KAIRA receivers is 1 s. Higher resolution is pos-
sible but requires the use of significant processing and data
storage resources which were not readily available at the sta-
tion at the time of these observations. This is not always
sufficient to capture the Doppler shifts, as can be seen in two
examples; the high band secondary spectra for blocks 3 and
10 of Figure 3 which are shown in Figure 7. The left panel,
block 3, has a relatively high velocity and the Doppler shift
exceeds the Nyquist frequency at the right margin. The
aliasing is clear because in 2-dimensions the delay (or β)
continues to increase when the Doppler f is aliased. In the
right panel, block 10, the velocity is considerably lower and
the entire parabola is well sampled.
Various time ranges of the dynamic spectra were used as
input for calculating secondary spectra to investigate which
ranges might be optimal; a time range of 256 s represented
a reasonable balance between ability to represent accurately
the periodicities in the data and reflecting changes in these
periodicities. We kept the high and low bands separate be-
cause the sampling rate was quite different, although they
could have been analyzed together. We did not use the 44
channels of the top band because it would have left a large
gap in the spectral range and the additional signal would not
add any further information to the scintillation arc structure
in the secondary spectra.
Parabolic arcs were observed in the first half of the data,
but were much weaker in the second half and not observ-
able after the time scale dropped at about 02:30 UT. Note
that the examples shown here have the character of the right
panel of Figure 2, i.e. the structure is elongated (presum-
ably along the magnetic field) perpendicular to the velocity
vector. This was the case for the early data, but after about
21:00 UT the secondary spectra look much more like the left
panel of Figure 2, or even a bit like the middle panel. The
structure appears more isotropic or slightly anisotropic but
aligned parallel with the velocity vector. Example blocks 30
and 52 at 21:12 and 22:48 UT are shown in Figure 8. We
believe that this is caused by the rotation of Cygnus-A with
respect to the ionosphere: it is an elongated source whose
long axis will have become more aligned with the local hori-
zon as the source moved into the western sky through the
latter part of the observation. The source then begins to
truncate the high angle scattering caused by the anisotropic
microstructure making the scattering appear more isotropic.
4. Analysis
4.1. Fitting the Parabolic Arcs
The objective of this analysis is to show that we have
detected parabolic arcs in ionospheric scintillation and that
they are consistent with the other ionospheric measurements
available. We will not attempt a complete model fitting at
this time, however we note that model fitting in the weak
scintillation case is much simpler than in the strong scintilla-
tion regime as shown in Appendix D of Cordes et al. [2006].
Indeed one can further simplify the broad-band analysis by
normalizing the dynamic spectrum I(λ, t) vs λ, which one
would normally do anyway because the radio source flux will
vary with λ. In the normalized case the “narrow band” ex-
pression (D5) of Cordes et al. [2006] applies even to a broad
band. We also note that the effect of the finite size of the
cosmic radio source illuminating the ionosphere will have to
be included, as shown in their equation (D10). We have
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accurate radio images of Cygnus-A from interferometry so
this correction is feasible.
In the following we will restrict our modeling to the
parabolic arc itself, rather than to the entire secondary
spectrum. We fit only the observations where we have
complementary ionospheric observations and we fit only
the blocks for which the best fit is obvious by eye. The
arc should be a well-defined boundary between pure noise
and scintillation, regardless of the axial ratio of the struc-
ture. The arc defined by β = (L/2V 2)f2max has curvature
C = L/2V 2. We find that it is common to see an arc for
which β = Cf2max +Bfmax, a phenomenon which is caused
by a large scale phase gradient which shifts the image of
the radio source [Cordes et al., 2006]. We have included B
in the fit but we use only C in the analysis. Examples are
blocks 3 and 10 which are shown in Figure 7.
The velocity can also be estimated from the time scale
if the spatial structure is isotropic or if the major axis is
perpendicular to the velocity. The latter case appears to be
true up to about 23:00 UT and this is also the region for
which it is easiest to estimate the location of the parabolic
arc. We assume that the Fresnel scale is rf = (Lλ/2pi)
0.5
and use estimated velocity Vest = rf/τ . We plot the veloc-
ity determined from the parabolic arcs, for cases where a fit
could be made, and the spatial scales averaged over the high
band in Figure 9. In both cases, we assume a distance along
the line of sight to the scattering screen of 350 km.
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Figure 9. Velocity estimated from parabolic arcs (blue)
and time scale (red). In both cases we assume the dis-
tance of the scattering region is 350 km. The gap in the
velocity time series is where a fit was not possible.
We choose the region between 19:46 and 20:12 UT to com-
pare with other ionospheric observations because the veloc-
ity is relatively stable. Block 10, which is shown in Figure 7
Table 1. Table detailing the fitted curvature values for
blocks 10-16 and the resulting calculation for the velocity, as-
suming a distance to the scattering screen of 350 km.
Time Block Arc Curvatures Velocity
hh:mm:ss UT Main m s−1
19:46:44 10 160 33
19:51:00 11 130 37
19:55:16 12 150 34
19:59:32 13 170 32
20:03:48 14 150 34
20:08:04 15 170 32
20:12:20 16 100 42
is at the start of this interval and is typical of the other
blocks. Table 1 gives the fitted values for blocks 10-16 cor-
responding to this time range. The arcs seen in this time
range are, however, relatively “thick”, indicating scattering
through a thick layer. For some plots they appear almost to
be visible as two separate arcs (as illustrated in Figure 6),
an issue which is addressed in section 4.5. The model fits
given here represent average curvatures in such cases.
KAIRA
Tromso
Tomography
SuperDARN
Cygnus A
Figure 10. Map of northern Fenno-Scandinavia show-
ing the location of points in the line of sight from
KAIRA to Cygnus-A where it passes through a height of
300 km (labelled as “Cygnus-A”), for hourly times from
19:00 UT (easternmost point) to 02:00 UT (northernmost
point) and the locations of KAIRA, the EISCAT site
near Tromsø and Sodankyla¨ Geophysical Observatory
ionospheric tomography receiver chain sites at (north to
south) Kilpisja¨rvi, Kiruna and Lule˚a. The approximate
location of the SuperDARN measurements used is also
indicated.
4.2. Other Ionospheric Observations
Any natural radio source is not stationary in the sky,
but appears to move across the sky as the Earth rotates.
Cygnus-A is a circumpolar source at these latitudes. There-
fore to compare these data with other observations it is nec-
essary to assess the approximate location of the ionospheric
region giving rise to the scintillation. To do this, we assume
a peak F-region height of 300 km and use this height to esti-
mate the geographic location of a “pierce point” of the line
of sight through the ionosphere. Figure 10 shows a map giv-
ing the locations of this point, calculated hourly for times
from the start of the observation at 19:00 UT (eastern-most
point), in the line of sight (labelled as “Cygnus-A”). The
location of the second point from the east corresponds to
20:00 UT and, as the central time of the range for which we
model the scintillation arcs, is the location used to compare
with data from other observatories. Unfortunately, there are
no ionospheric observatories lying close enough to this point
to provide a direct comparison, so only a general comparison
can be made.
Horizontal velocities in the ionosphere across the auro-
ral regions are measured regularly by the Super Dual Au-
roral Radar Network (SuperDARN – Chisham et al. [2007],
Greenwald et al. [1995]). Since these radars measure Doppler
velocities only in the direction of the radar beams, they
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are most useful if the fields of view of two or more radars
cover the region to be probed. The field of view of the
Hankasalmi radar in Finland fully covers the area of iono-
sphere probed by the modelled scintillation measurements
and the southernmost beam of the Pykkvibaer radar in Ice-
land covers an area down to approximately 0.5◦ in lati-
tude to the north of the region of interest. Taking this
latter area, indicated on the map given in Figure 10, veloc-
ity time series’ have been obtained using the DaViT web
tool for SuperDARN data currently hosted by VirginiaTech
(http://vt.superdarn.org/tiki-index.php?page=DaViT+TSR).
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Figure 11. SuperDARN velocities for blocks 10-16.
These are calculated from averages of four data points
covering the length of each block with the standard devi-
ation taken to be the error. The top plot shows the veloc-
ities from each radar separately; the middle plot shows
the velocity magnitude after combining them; the lower
plot shows the velocity direction in degrees azimuth mea-
sured eastwards from north.
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Figure 12. Tromsø dynasonde data for the F-region
peak height (top), F-region horizontal velocity magnitude
(middle) and F-region horizontal velocity direction in de-
grees azimuth, measured eastwards from north (bottom)
for blocks 10-16.
Taking the closest area where a reasonable number of veloc-
ity points are available from both radars, the correspond-
ing beams and range gates for each radar are beam 4, gate
13 of the Hankasalmi radar and beam 15, gate 36 of the
Pykkvibaer radar. Gaps in the time series’ were interpo-
lated across using a linear gradient between the measured
velocities on either side of the gap.
A correction was applied to the velocities to account
for the estimated index of refraction, following the work
of Gillies et al. [2009]. The index of refraction, n, can be
calculated using the plasma and radar frequencies, fp and
f respectively using the basic formula, n =
√
1− (f2p/f2).
Information available using the range-time plotting func-
tion of the DaViT tool (http://vt.superdarn.org/tiki-
index.php?page=Range+Time+Browse) indicates that both
Hankasalmi and Pykkvibaer were operating at a frequency
of 10 MHz at the time. The electron plasma frequency is de-
termined from fp = 8.98n
0.5
e where ne is the electron density.
Using an F-region peak density of 2.3x1011m−3 estimated
from ionospheric tomography reconstructions (detailed be-
low - see Figure 13), fp is calculated to be 4.26 MHz. This
leads to a refractive index of 0.9 for both radars and their
velocities were multiplied by a factor of 1/n.
The final vectors were averaged over each block (four data
points per block) and the standard deviation taken to be the
error. The azimuths, measured eastwards from north, of the
boresites of each of these beams are 336.66◦ for Hankasalmi
and 57.54◦ for Pykkvibaer. Using these angles the velocities
from each radar were combined into velocity magnitude and
direction. The resulting velocities and directions are given
in Figure 11.
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Figure 13. The top two plots are tomographic recon-
structions, using the Chapman model, of satellite passes
at 19:47 UT and 20:33 UT on 25 September 2012 recorded
by the Sodanyla¨ Geophysical Observatory tomography
chain. The white line indicates the approximate line of
sight from Kilpisja¨rvi towards Cygnus-A. Density profiles
estimated from the reconstructed electron density values
along the line of sight are shown in the lower plot for each
satellite pass.
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The Tromsø dynasonde [Rietveld et al., 2008], based at
the European Incoherent Scatter (EISCAT, Rishbeth and
Williams [1985]) radar site at Ramfjordmoen in Norway,
produces a number of ionospheric parameters including ve-
locity vectors. Although it is not very close to the region
of interest here (as shown in Figure 10), it is the closest
such instrumentation which was operating at the time and
gives an idea of the prevailing ionospheric conditions in the
region. Figure 12 presents plots of the horizontal velocities
in the F-region, and the F-layer peak height for the times
of interest. The dynasonde also produces data for the verti-
cal velocity and similar data for the E-region. The vertical
F-region velocity was approximately zero at the time.
Further information on the density structure of the iono-
sphere at this time can be obtained from ionospheric to-
mography data. Sodankyla¨ Geophysical Observatory op-
erate a chain of ionospheric tomography receivers across
Finland and Sweden, with the highest latitude station at
Kilpisja¨rvi, close to KAIRA. This chain recorded satellite
passes at 19:47 UT and 20:33 UT on 25 September 2012,
with the satellites following paths a little to the west of
the coast of Norway and over the Finland/Russia border re-
spectively. Plots of these tomographic reconstructions (the
reader is referred to Nygre´n et al. [1997] for a description of
the inversion process), using a Chapman function as regular-
ization profile [Markkanen et al., 1995], are given in Figure
13.
The reconstructions indicate maximum density at ap-
proximately 400 km and demonstrate a possible lowering of
the overall electron density between 19:47 and 20:33 UT, but
otherwise no significant change in the overall structure of the
ionosphere over this time frame.
4.3. Estimating Scattering Height
Given the external velocity measurements of SuperDARN
and the Tromsø dynasonde, it is possible to use the scintil-
lation arc curvatures to estimate the height of the dominant
scattering “layer”. However, the velocity which is used in
modelling the scintillation arcs is the result of both move-
ment of the ionosphere and movement through the iono-
sphere of the line of sight to the radio source, and is sensitive
only to any direction perpendicular to the line of sight.
It is first sensible to define co-ordinates in the reference
frame of the line of sight:
x: Horizontal with respect to the local horizon, positive
clockwise.
y: Vertical with respect to the local horizon, positive up-
wards.
z: Within the line of sight and therefore not used.
The velocity of the line of sight is itself naturally depen-
dent on the distance used. Calculations show that it is of
the order of 25 m s−1 assuming a distance of 350 km, so is
comparable in magnitude to the velocities measured by the
radar systems at the time and cannot be neglected.
We assume also that the velocity component due to the
ionosphere is horizontal (i.e., parallel to the ground plane):
This is a reasonable assumption given that SuperDARN only
measures horizontal velocities and the Tromsø dynasonde
data give no reliable indication of any significant vertical
velocity component.
The velocity of the line of sight can be stated in terms of
an assumed distance along it and the angle through which
the radio source moves within the time covered by each data
block. Using also the change in elevation of the radio source
enables the velocity of the line of sight to be stated in terms
of horizontal and vertical components, as given in Equations
1 and 2:
Vx,los = L× 2 sin(θx/2)/t (1)
Vy,los = L× 2 sin(θy/2)/t (2)
where L is the distance, θx =
√
θ2 − δE2 and θy = δE are
the x and y components of the angle through which the radio
source moves, θ, and δE is the change in elevation.
The ionospheric velocities measured by radar have been
translated into magnitudes, Vion, with directions given in
terms of azimuth measured eastwards from north, Aion. The
x and y components of ionospheric velocity can then be cal-
culated with relation to the azimuth, Alos, and elevation, E,
of the line of sight:
δA = Aion −Alos (3)
Vx,ion = Vion sin(δA) (4)
Vy,ion = Vion cos(δA) sin(E) (5)
The total transverse velocity can then be stated as:
V 2 = (Vx,ion − Vx,los)2 + (Vy,ion − Vy,los)2 (6)
Taking the arc curvature model as given in Section 4.1
(L = 2CV 2 where C is the arc curvature) and combining
with Equations 1 to 6, a quadratic equation in terms of L
can be formed:
8C
((
sin(θx/2)
t
)2
+
(
sin(θy/2)
t
)2)
L2
−8CVion sin(δA)
(
sin(θx/2)
t
)
L
−8CVion cos(δA) sin(E)
(
sin(θy/2)
t
)
L
−L
+2CV 2ion
(
sin2(δA) + cos2(δA) sin2(E)
)
= 0
(7)
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Figure 14. Dominant scattering altitudes estimated by
combining the scintillation arc model with perpendicu-
lar velocities measured by the two radar systems. Also
shown are the F-region peak altitudes measured by the
Tromsø dynasonde.
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Equation 7 is solved using the standard quadratic equa-
tion and distances calculated for each block using both Su-
perDARN and dynasonde velocities. Using the negative root
of the standard quadratic equation results in distances of
∼ 0, so distances were calculated using only the positive
root. The calculated distances have been converted into al-
titudes and plotted in Figure 14.
It can be seen that the altitudes calculated from the Su-
perDARN velocities are within the F-region, but most are
significantly higher than the peak height measured by the
Tromsø dynasonde. There was no real-valued solution to
the quadratic equation for one of the SuperDARN veloc-
ity points. The dynasonde velocities indicate rather higher
altitudes in general.
4.4. Estimating Velocity
The altitudes of peak F-region density measured by the
Tromsø dynasonde can be used themselves as an estimate
of the dominant altitudes of the scattering and so combined
with the scintillation arc modelling to estimate a range of
possible ionospheric velocities perpendicular to the line of
sight.
The basic L = 2CV 2 is used to calculate velocities in this
instance but, as described in section 4.3, this velocity con-
tains components from both the ionosphere and the move-
ment of the line of sight to the radio source through it. The
latter can be calculated but, since these components are vec-
tors (as detailed in equation 6), both the speed and direction
of the ionospheric component would need to be estimated.
However, it is not possible to obtain both pieces of informa-
tion from this simple model; equation 7 can be re-arranged
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Figure 15. Possible values for the ionospheric veloc-
ity component perpendicular to the line of sight. The
shaded blue regions represent the possible range of veloc-
ities calculated assuming scattering from 200 km altitude
(narrowest range with the darkest blue), scattering from
the F-layer peak as measured by the Tromsø dynasonde,
and scattering from 600 km altitude (widest range with
the lightest blue). Also shown are three lines: the blue
solid line represents the direct calculation of the overall
velocity using the scintillation arc curvatures and F-layer
peak altitudes; the green dashed line represents velocities
from the same calculation, but assuming that the direc-
tions of ionospheric velocity are equal to those measured
by SuperDARN; the red dotted line represents velocities
assume directions of ionospheric velocity equal to those
measured by the dynasonde.
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Figure 16. Secondary spectra for Block 16. The scale
is logarithmic with units equivalent to dB/10. Top: 256 s
block length; Bottom: Corresponding spectra for 4x 64 s
block length, using the same scale as the top plot.
in terms of the magnitude Vion or the azimuth direction δA
but it is not possible to calculate both. Therefore we can
only look at the magnitudes and estimate a range of possible
speeds.
The magnitude of the line of sight velocity, Vlos is cal-
culated from equations 1 and 2 as Vlos =
√
V 2x,los + V
2
y,los.
Given the unknown direction of the ionospheric velocity rel-
ative to this, adding and subtracting this number from the
modelled V will give the maximum and minimum possible
values for Vion respectively. The results of this exercise are
given in Figure 15.
In this figure the calculated overall velocity V is plotted as
a blue solid line. Also plotted are Vion velocities calculated
assuming the velocity directions given by the SuperDARN
and Dynasonde data, using equation 7 re-arranged in terms
of Vion and solved for the positive root using the standard
quadratic equation. Using the negative root resulted in neg-
ative velocities whereas this parameter, as derived here, is
a magnitude. Three possible ranges of Vion are shown, cal-
culated assuming three different sets of altitudes. From the
tomography density plots, we estimate a minimum and max-
imum likely altitude for the scattering as 200 km and 600 km
respectively. These values represent the altitudes at which
X - 10 FALLOWS ET AL.: IONOSPHERIC SCINTILLATION ARCS
the density has dropped to approximately half of its peak
value. In Figure 15, the narrowest range (shown in the dark-
est blue) was calculated assuming scattering from the lowest
altitude and the widest range (shown in the lightest blue)
was calculated assuming scattering from the highest alti-
tude. The middle range was calculated assuming altitudes
equal to the F-layer peak height measured by the Tromsø dy-
nasonde.
4.5. Increased Time Resolution
A number of the arcs in blocks 10-16 show some broaden-
ing which could be interpreted as the superposition of two
arcs with slightly different curvatures. Such a scenario could
indicate scattering from different altitudes and/or with dif-
ferent velocities, or it can indicate that the 256 s block length
averages over slight changes in conditions. There is little ev-
idence for the former scenario in this case, leaving the latter
to be considered.
To do so, the block length was reduced as low as 64 s.
Although this reduces the signal-to-noise ratio of the sec-
ondary spectra, the scintillation arcs are still readily appar-
ent and do indeed appear narrower and more clearly defined.
This is illustrated in Figure 16 which presents a comparison
between the original secondary spectrum for block 16 and
spectra for the individual 64 s blocks which comprise it.
The comparison demonstrates clearly that the broaden-
ing of the scintillation arcs is due to changing conditions
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Figure 17. Top: Dominant scattering altitudes esti-
mated by combining the scintillation arc model with per-
pendicular velocities measured by the two radar systems.
Also shown are the F-region peak altitudes measured by
the Tromsø dynasonde. . Bottom: Possible values for
the ionospheric velocity component perpendicular to the
line of sight. The shaded blue regions represent the pos-
sible range of velocities calculated assuming scattering
from 200 km altitude (narrowest range with the darkest
blue), scattering from the F-layer peak as measured by
the Tromsø dynasonde, and scattering from 600 km alti-
tude (widest range with the lightest blue). Also shown are
three lines: the blue solid line represents the direct cal-
culation of the overall velocity using the scintillation arc
curvatures and F-layer peak altitudes; the green dashed
line represents velocities from the same calculation, but
assuming that the directions of ionospheric velocity are
equal to those measured by SuperDARN; the red dotted
line represents velocities assume directions of ionospheric
velocity equal to those measured by the dynasonde.
through a single 256 s block and not a simultaneous super-
position of scattering regimes with different altitudes and/or
velocities.
The calculated scattering altitudes and possible velocity
range for the 64 s blocks are given in Figure 17. These were
calculated using the original SuperDARN data (i.e., before
the averaging of every four points for the 256 s blocks) and
dynasonde data padded to account for the 2-minute cadence
of the original data.
The scattering altitudes show some substantial variation
within the F-region, only sometimes becoming as low as the
altitude of the peak of the F-region, suggesting that the scat-
tering is more dominated by the topside ionosphere. The
velocity ranges shown are as described in section 4.4. Al-
though the overall range of possible velocities is quite high,
they do confirm that the velocity is most likely to be well
under 100 m s−1.
5. Conclusions
We present the first multi-octave low frequency observa-
tions of ionospheric scintillation, using the KAIRA station.
These show in dynamic spectra the evolution of the scat-
tering regime from weak scatter at the highest observing
frequencies to strong scatter and the effects of refraction by
large-scale density structures in the ionosphere at the lowest
frequencies observed.
The secondary spectra, as calculated from the 2-D FFT
of the dynamic spectra, often show an arc structure similar
to the “scintillation arcs” noted in observations of the in-
terstellar scintillation of pulsars. Here, we apply the basic
scattering theory developed for this latter case to our ob-
servations of ionospheric scintillation to estimate velcocity
perpendicular to the line of sight to the radio source and the
altitude(s) dominating the scattering.
Since these parameters are linked in the modelling, it is
necessary to use other observations to provide estimates of
one so that the other may be calculated. In this case, veloc-
ities measured by SuperDARN and the Tromsø dynasonde
are used. However, neither of these are exactly coincident
with the region being probed by the scintillation observa-
tions. Nevertheless scattering altitudes consistent with the
F-region are found when modelling the scintillation arcs us-
ing the horizontal ionospheric velocities measured by Su-
perDARN and the Tromsø dynasonde. In some cases these
match the peak altitude of the F-region, as measured by the
dynasonde. However, in most cases the scattering altitudes
appear higher than this peak, indicating that the scattering
may be dominated more by the topside ionosphere.
Estimating ionospheric velocities using this technique is
more complex as it involves the estimation of two param-
eters, the magnitude and direction, which are, again, in-
herently linked in the modelling and require knowledge of
one for the other to be calculated. Nevertheless, a range
of possible velocity magnitudes can be calculated given the
scattering altitude. The range is, however, broad and in the
results presented here can only confirm that the velocity is
most likely to be below 100 m s−1.
In this paper we give only an example of the analyses
which can be performed with broadband data such as these.
While we have been able to use a simple model here to obtain
estimates of altitudes dominating the scattering and iono-
spheric velocities, it is clear that more information could be
obtained if a full scattering model is applied. This will be
the subject of future work.
With the densely-packed core of stations in the center of
the LOFAR array it is possible to do more. Observations
already taken using the LOFAR stations demonstrate that
ionospheric scintillation is readily apparent at these frequen-
cies, even at mid-latitudes. With the main LOFAR core, it is
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possible to use temporal cross-correlation between time se-
ries’ recorded by indivdual stations to estimate ionospheric
velocities to feed into modelling of scintillation arcs seen in
the secondary spectra. Data have already been taken and
will be the subject of future work.
Also of particular interest is the work of Brisken et al.
[2010] in which radio astronomy imaging techniques have
been combined with secondary spectrum analyses to mea-
sure accurately the locations of an image of a pulsar, scat-
tered by the interstellar medium. Applying this technique
to observations using the LOFAR core offers the prospect of
“imaging” ionospheric scintillation for the first time.
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